. Thorax, 32,[129][130][131][132][133] Quantitative structural study of pulmonary circulation in the newborn with pulmonary atresia. The lungs of eight newborn infants who had died from pulmonary atresia were studied by quantitative morphometric techniques. It was established for the first time that the abnormal pattern of blood flow through the heart and great vessels in a fetus with pulmonary atresia is associated with impaired lung development as shown by arteries that are too few, too small, and with an abnormally thin muscle coat, although the distribution of muscle along the arterial pathway is normal. Differences between the cases in the degree of impairment of lung development could be detected and related to the degree of reduction in pressure and flow before birth in the individual case. Although blood flow through the pulmonary circulation is small before birth lung development seems sensitive to any further reduction.
. Thorax, 32, [129] [130] [131] [132] [133] Quantitative structural study of pulmonary circulation in the newborn with pulmonary atresia. The lungs of eight newborn infants who had died from pulmonary atresia were studied by quantitative morphometric techniques. It was established for the first time that the abnormal pattern of blood flow through the heart and great vessels in a fetus with pulmonary atresia is associated with impaired lung development as shown by arteries that are too few, too small, and with an abnormally thin muscle coat, although the distribution of muscle along the arterial pathway is normal. Differences between the cases in the degree of impairment of lung development could be detected and related to the degree of reduction in pressure and flow before birth in the individual case. Although blood flow through the pulmonary circulation is small before birth lung development seems sensitive to any further reduction.
In infants with either pulmonary atresia or stenosis who died during the perinatal period Naeye (1961) found a relative reduction in arterial medial area. In infants with pulmonary atresia who, because of a relatively large ductus arteriosus, survived slightly longer he reported a normal amount of muscle. He used a planimetric technique to relate the area of the media to that of the intima in small pulmonary arteries. Otherwise the state of development of the pulmonary circulation in pulmonary atresia has not been studied.
Patients with pulmonary atresia with an intact septum, or those with a ventricular septal defect who do not have a systemic arterial blood supply to the lung, must be operated on soon after birth if they are to survive. The state of the pulmonary circulation at birth will determine the response of the lung to a sudden increase in pulmonary arterial pressure and flow. Lung development was assessed in eight patients who died with pulmonary atresia during the first 28 days of life by reference to the number of preacinar arterial and venous branches, the multiplication of intra-acinar arteries, and the size and wall structure of both pre-and intraacinar arteries.
Patients and methods

CLINICAL FEATURES
Lung structure was examined in six patients with pulmonary atresia and an intact ventricular septum (IVS) and in two patients with pulmonary atresia and a ventricular septal defect (VSD). They all presented during the first 3 days of life and died within the first 28 days (Table 1) . In all the clinical features were similar. Cyanosis was present either at birth or within 12 hours. The second heart sound was single in all. Four babies had the continuous murmur typical of a patent ductus arteriosus while three had a systolic murmur. One (case 8) had the clinical features of Down's syndrome. In all patients electrocardiography showed left axis deviation, and in all but case 8 the right ventricular forces were. of reduced amplitude in the right precordial leads.
In all the infants a chest radiograph showed diminished pulmonary vascular markings and an absent pulmonary conus. Only one (case 6) had cardiac enlargement, which was evident both before and after surgery. In all cases fine nodular markings were present in the lung periphery, but sparse. In case 6, after a Waterston-Cooley anastomosis, the lung fields looked plethoric and the diffuse opacity of severe oedema developed rapidly.
Cardiac catheterisation showed that in all cases of pulmonary atresia with IVS (cases [1] [2] [3] [4] [5] [6] In case 6 a Waterston-Cooley anastomosis and pulmonary valvotomy were performed on the second day of life. This produced intractable heart failure and pulmonary oedema and on the 27th day, one day before death, the shunt and a patent ductus arteriosus were ligated. Shunt procedures were also performed in cases 1, 2, and 4; but two patients died during the operation and one (case 4) died four hours after surgery. Since only one patient (case 6) survived operation with an increase in pulmonary blood flow this case is described in the text as 'shunted'.
MATERIAL FOR PATHOLOGICAL STUDY
In six cases the right pulmonary artery and the left pulmonary vein were injected and in the remaining cases (case 3 and 6) both pulmonary arteries were injected.
The preparation of lung tissue and the techniques of quantitative analysis of lung structure were as described in a previous paper (Haworth and Reid, 1977) .
Results
The structural findings are summarised in Table 1 and were similar in all eight patients whether or Sheila G. Haworth and Lynne Reid not the ventricular septum was intact. In all the ductus arteriosus provided the only blood supply to the lung. Examination of each specimen failed to reveal any large systemic arteries arising from the aorta to supply the lung, and on arteriography the bronchial arteries were not enlarged nor were any anastomoses seen between pulmonary and bronchial circulations. On the specimen arteriograms and venograms the pulmonary arterial and venous branching patterns were normal.
In all seven untreated cases of pulmonary atresia the lumen diameter of the pre-acinar arteries and the external diameter of the intraacinar arteries were smaller than normal. In case 6, where pulmonary blood flow had been increased by an aortopulmonary anastomosis, the vessels were of normal calibre and possibly increased above normal in size at the level of the terminal bronchiolus.
In all eight cases of pulmonary atresia no background haze was present. This is normal at birth, since intra-acinar vessels develop mainly after birth (Hislop and Reid, 1973a) . Microscopically, the proportion of lung volume occupied by arteries was also reduced except in case 5. These findings were explained by a reduction, in five out of eight cases, in the number of intra-acinar arteries per unit area of microscopic lung field (Table 2) . Since alveolar number was normal the alveolar/arterial ratio was greater than normal. Arteries more than 250 ,um in diameter Those five untreated cases in whom arteries less than 250 ,um in diameter were thin-walled showed an even greater reduction in wall thickness in vessels larger than 250 um. In the other two untreated cases (cases 3 and 7) these larger arteries showed only a slight reduction in wall thickness, although this was more pronounced the larger the artery. Also in these two cases the number of intraacinar arteries was normal.
The fact that arterial muscularity and the number of arteries were almost normal in cases 3 and 7 suggests less functional disturbance of the pulmonary circulation in these than in the remaining five untreated cases. Pulmonary blood flow was probably greater here, since despite the difficulty of assessing the size of the ductus arteriosus after surgical intervention it was obviously larger in cases 3 and 7 than in the others, measuring 6 mm and 3 mm respectively. The external diameter was 2 mm or less in the remaining five cases.
After (Figure) .
Muscle was also present in smaller arteries than is normal ( Figure) and also, in contrast to all other cases of pulmonary atresia, muscle extended further into the acinus than is normal. Case 6 also differed from the untreated cases in that arterial size was normal, although arterial number remained as low in this as in the untreated cases. Veins In pulmonary stenosis vein wall thickness was increased in vessels of all sizes: in pulmonary atresia the increase was less and seen only in the smaller veins.
Disctission
Since in pulmonary atresia the circulatory pathway through the heart and great vessels is abnormal during fetal life not surprisingly the structure of the pulmonary circulation is abnormal at birth. The size of pre-and intra-acinar arteries is reduced and there are fewer intra-acinar arteries than normal. Five patients died during the first 4 days of life, and so the changes can be assumed to have occurred in utero. In pulmonary atresia Naeye (1961) reported a reduction in cross sectional area of the media in individual pulmonary arteries. This we have shown, but in addition we have demonstrated that despite the thinner wall muscle extends as far along the arterial pathway as in the normal lungthat is, to the level of the terminal bronchiolus. The reduction in muscularity is in the amount of muscle in normally muscular arteries but not in its extent. Naeye (1961) found a normal amount of pulmonary arterial muscle in cases of pulmonary atresia with a relatively large ductus, and we have confirmed this. It seems that to develop an arterial muscle coat of normal thickness before birth a certain level of blood flow or arterial pressure is required.
In the present series, whether or not the ventricular septum was intact, there was no evidence of either an enlarged bronchial arterial supply or of a collateral systemic arterial supply to the lung. Similarly, Naeye (1961) found no abnormality of the bronchial circulation arising either before or after birth in patients with pulmonary atresia or stenosis. In a series of children with tetralogy of Fallot Ferencz (1960a) found an enlarged bronchial circulation in two newborn infants as well as in the older children, and suggested that this sys-temic arterial supply to the lung could develop in utero. Such changes could not, however, be shown by Hislop and Reid (1973b) , who studied older patients, applying a similar injection technique to that used in the present study. Jefferson et al. (1972) , in an angiographic study of patients with pulmonary atresia aged between 4 months and 16 years, described two types of arterial supply to the lung arising from the aorta or its branches-either a small number of large arteries, usually between two and five, or many small vessels. In both types the systemic arteries anastomosed with branches of the pulmonary artery at the hilum. Neither the 'large' nor the 'small' arteries were thought to be of bronchial origin. In their series the large arteries were present only when central pulmonary arteries were not, and this was thought to explain the persistence of primitive segmental arteries which arose originally from the paired dorsal aortae (Boyden, 1970) . The 'small' arteries ran an intramediastinal course in the perihilar region before filling the intrapulmonary arteries, but they also were not considered to be bronchial in origin. The absence of any small arteries to the lung in the present series of cases suggests that these vessels are acquired. It seems that infants born with pulmonary valve atresia will not usually survive without treatment unless large systemic arteries perfuse the lungs. Multiple vessels probably appear later, in childhood, and in patients in whom at birth the pulmonary valve had been severely narrowed but not atretic.
Pulmonary blood flow is low after birth in pulmonary atresia, and the small size of both pre-and intra-acinar arteries suggests that even before birth pulmonary blood flow was abnormally low. The left ventricle in pulmonary atresia ejects the total cardiac output and so may generate a higher pressure than normal but (unlike the state of affairs in aortic atresia and stenosis) this pressure is probably not transmitted to the pulmonary circulation. In pulmonary atresia the discrepancy in size between the small right and left pulmonary arteries and their feeding vessel, the dilated aorta, is greater than normal, suggesting a considerable fall in pressure across these vessels during fetal life. Thus intrapulmonary arteries in cases of pulmonary atresia are possibly exposed before birth to a lower pressure than normal.
Although a low pulmonary arterial pressure may explain the reduced arterial muscularity increase in pulmonary arterial oxygen tension might also contribute. Fetal pulmonary vessels are known to respond to slight changes in oxygen tension of the perfusing blood (Lauer et al., 1965) , which in pulmonary atresia is higher than normal because oxygenated placental blood mixes with deoxygenated systemic and pulmonary venous blood in the left ventricle. In aortic atresia and stenosis, despite a similar increase in oxygen tension, more smooth muscle develops than is normal. The reduction in arterial muscularity in pulmonary atresia is therefore more likely to be related to reduced pulmonary arterial pressure than to the increase in pulmonary arterial oxygen tension.
Reduced arterial muscularity may contribute to a low pulmonary vascular resistance because a thinner wall gives a larger lumen and it also diminishes the force of vasoconstriction. Both before and after birth a low pulmonary vascular resistance encourages flow of blood from the aorta to the pulmonary artery, a reversal of the normal direction.
The mechanism of the reduced number of arteries is not understood. It could arise from the reduction in pulmonary blood flow, since infants in whom arterial number was normal had a large ductus arteriosus and also had a normal arterial wall thickness. Recent studies have shown that banding the left pulmonary artery in the newborn pig leads to the development of fewer intra-acinar arteries than normal (Chung, personal communication). Perhaps a certain distending pressure is needed to ensure normal prenatal development of intra-acinar vessels, although this does not seem to be so in postnatal life since in older patients with tetralogy Hislop and Reid (1973b) found an increased number of peripheral arteries.
A reduction in arterial number implies a reduction in capacity of the pulmonary circulation. To accommodate an increase in blood volume in the normal lung, recruitment of additional channels is said to be more important than distension of channels already perfused (Maseri et al., 1972) . If recruitment is impaired in pulmonary atresia because of a reduction in arterial number, a surgical increase in pulmonary blood flow in cases with pulmonary atresia might produce an inappropriate increase in pressure, thereby encouraging hypertrophy of vascular smooth muscle, as occurred in one infant in the present series. The smaller volume of the peripheral pulmonary arterial circulation might explain why newborn infants with pulmonary atresia are apt to develop postoperative oedema after an aortopulmonary anastomosis and later to develop obliterative pulmonary vascular disease (Ferencz, 1960b) .
Both pre-and intra-acinar arteries are abnormally small in pulmonary atresia, but at this age the vessels are evidently distensible since in the one patient who had had an aortopulmonary ana-stomosis at 2 days dilatation had presumably occurred until the vessels were of normal size at death at 28 days of age. In contrast, Hislop and Reid (1973b) reported failure of the intrapulmonary arteries to increase in size in an older child of 5 years with tetralogy of Fallot in whom a clinically successful Blalock anastomosis was performed. In tetralogy of Fallot the arteries may become less distensible with increasing age. Hislop and Reid (1973b) found an abnormally thick arterial muscle coat in older patients with this condition.
These findings in the -pulmonary circulation of patients with pulmonary atresia show that, as in aortic atresia and stenosis (Haworth and Reid, 1977) , the pulmonary circulation is modified structurally by an abnormal pulmonary arterial pressure and flow during fetal life. Since in the normal fetus pulmonary flow is less than 6% of the combined ventricular output (Rudolph and Heymann, 1967 ) the presence of structural change in pulmonary atresia, a condition likely to produce an even smaller pulmonary blood flow, indicates how sensitive the pulmonary circulation is before birth to even small haemodynamic changes. This sensitivity is further emphasised by intra-acinar variation between the cases in the degree of arterial multiplication and muscularity, which presumably reflects minor differences in pulmonary blood flow and arterial pressure.
The structural changes in the lungs of newborn infants who died with pulmonary atresia, as with aortic atresia and stenosis (Haworth and Reid, 1977) , show that abnormalities during fetal life in the circulatory pathway through the heart and great vessels alter structural development. In aortic atresia and stenosis probably an abnormally high prenatal level of pulmonary arterial pressure is associated with an increased number of intraacinar arteries and with increased arterial and venous muscularity, the muscle extending in both systems into smaller and more peripheral vessels than normal. In contrast, a reduction in pulmonary arterial pressure and flow before birth, as might occur in pulmonary atresia, is associated with fewer intra-acinar arteries than is normal, a reduction in arterial muscularity, and, in addition, abnormally small pre-and intra-acinar arteries. If the pulmonary circulation is normal at birth a postnatal increase in arterial pressure and flow, as in coarctation of the aorta with a patent ductus arteriosus and a ventricular septal defect, causes a rapid increase in arterial size and muscularity which is apparent within the first week of life. 
